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Abstract
Background: Left atrial (LA) size is related to cardiovascular morbidity and mortality. Cardiovascular magnetic
resonance (CMR) provides high quality images of the left atrium with high temporal resolution steady state free
precession (SSFP) cine sequences. We used SSFP cines to define normal ranges for LA volumes and dimensions
relative to gender, age and body surface area (BSA), and examine the relative value of 2D atrial imaging techniques
in patients.
For definition of normal ranges of LA volume we studied 120 healthy subjects after careful exclusion of cardiovas-
cular abnormality (60 men, 60 women; 20 subjects per age decile from 20 to 80 years). Data were generated from
3-dimensional modeling, including tracking of the atrioventricular ring motion and time-volume curves analysis. For
definition of the best 2D images-derived predictors of LA enlargement, we studied 120 patients (60 men, 60
women; age range 20 to 80 years) with a clinical indication for CMR.
Results: In the healthy subjects, age was associated with LA 4-chamber transverse and 3-chamber anteroposterior
diameters, but not with LA volume. Gender was an independent predictor of most absolute LA dimensions and
volume, but following normalization to BSA, some associations became non-significant. CMR normal ranges were
modeled and are tabled for clinical use with normalization, where appropriate, for BSA and gender and display of
parameter variation with age. The best 2D predictors of LA volume were the 2-chamber area and 3-chamber area
(both r = 0.90, p < 0.001).
Conclusions: These CMR data show that LA dimensions and volume in healthy, individuals vary significantly by
BSA, with lesser effects of age and gender.
Background
Left atrial (LA) size represents the integration of LV dia-
stolic performance over time and is considered a reliable
indicator of the duration and severity of diastolic dys-
function [1], regardless of whatever loading conditions
are present at the time of the examination. It provides
significant prognostic information both in the general
population and in patients with heart disease including
heart failure [2-4], acute myocardial infarction [5-8], car-
diomyopathy [9,10], and mitral regurgitation [11]. LA
enlargement is commonly found in hypertensive heart
disease [12,13] and it is a risk factor for atrial fibrillation
and stroke, especially in men [14,15], and for atrial fibril-
lation recurrence following therapy [16,17]. In the clinical
setting, LA diameters and areas are usually measured,
though LA volume is a more robust marker of cardiovas-
cular events [18]. Cardiovascular magnetic resonance
(CMR) has been applied for the measurement of left and
right ventricular volumes, systolic function and mass for
many years in the clinical arena, with standardized meth-
ods of short axis multi-slice acquisition [19]. The excel-
lent accuracy and reproducibility of CMR is well
established [20], making it a gold standard technique for
measurement of ventricular dimensions and function, for
which reference ranges have been established from the
Steady State Free Precession (SSFP) technique [21,22].
SSFP yields excellent blood-endocardium and epicar-
dium-fat contrast, higher acquisition speed, and the
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any medium, provided the original work is properly cited.ability to greatly improve the temporal resolution of the
cines without loss of image quality [23]. However, atrial
dimensions have not been extensively studied with CMR,
and there is limited data on the influences of age, gender
and body surface area (BSA) on atrial dimensions. There-
fore, the aim of this study was to establish SSFP based
reference values in normal subjects for LA dimensions
normalized, when necessary, for independent influences
such as gender, body surface area and age. It was also our
aim to determine the best predictors of LA enlargement
among 1D and 2D parameters. Finally, we produced an
equation for simplified estimation of LA volume from LA
diameters and areas easily obtained in a clinical setting.
Methods
Patients
For definition of normal ranges of LA dimensions we
studied 120 subjects, with 10 men and 10 women in
each of 6 age deciles from 20 to 80 years, these subjects
having been reported elsewhere in a study of ventricular
volumes [21] in which, importantly, their diastolic filling
parameters by filling rate were shown to be normal. All
subjects were normotensive (hypertension defined as
systolic blood pressure ≥ 140 mmHg and/or diastolic
blood pressure ≥ 90 mmHg), completely asymptomatic,
with no known risk factors or history of cardiac disease,
and normal physical examination and electrocardiogram
(ECG). Also measured were the height, weight, blood
pressure, total cholesterol, HDL and B-natriuretic pep-
tide. BSA was calculated according to the Mosteller for-
mula [24]. With this information, the coronary artery
disease risk over 10 years was calculated [25]. BNP
levels were 2.5 ± 2.1 pg/mL (range 0.5 - 12.0), and all
were in the normal range (<100 pg/mL) [26]. Therefore,
as far as it was possible to ascertain with conventional
noninvasive techniques, all the apparently healthy sub-
jects had a normal cardiovascular system. The baseline
characteristics of these healthy subjects have been pub-
lished elsewhere [21]. For definition of the best 2D
images-derived predictors of LA enlargement, a group
of 120 patients (60 men and 60 women) who were
referred to CMR for clinical reasons, and who agreed to
participate in the study, were also studied. The main
reasons for referral to CMR are summarized in table 1.
The study was approved by the institutional ethics com-
mittee, and all subjects gave written informed consent.
CMR
CMR was performed with 1.5T scanners (Siemens Sonata
and Avanto) using front and back surface coils and retro-
spective ECG triggering for capture of the entire cardiac
cycle including diastole. All CMR scans were acquired by
the same operator. SSFP end-expiratory breath-hold
cines were acquired in the 2, 4 and 3 chamber views,
with subsequent contiguous short-axis cines from the
atrioventricular (AV) ring to the base of the atria. Slice
thickness was 5 mm with no gap between slices. The
temporal resolution was 21 ± 1 ms. Sequence parameters
included repetition time/echo time of 3.2/1.6 ms, in-
plane pixel size of 2.1 × 1.3 mm, flip angle 60°, and acqui-
sition time of typically 18 heartbeats.
CMR analysis
Analysis was performed with a personal computer and
semi-automated software (CMRTools, Cardiovascular
Imaging Solutions, London, UK). In all subjects (healthy
controls and patients) LA maximum volume was mea-
sured as well as end-systolic diameters and areas. Atrial
volume analysis included 2 steps: First, delineation of the
atrial endocardial borders, including atrial appendage, in
all planes in all cardiac phases. Second, the systolic des-
cent and twist of the mitral valve was calculated from
tracking of the valve motion on the long axis cines, and
used to correct for increase in atrial volume due to AV
ring descent (figure 1). In the analysis we included the
atrial appendage and excluded the pulmonary veins.
Table 1 Baseline characteristics of the healthy subjects
and the patient group (mean ± SD)
Healthy
subjects
Patients
N 120 120
Males 50% 50%
Age [yr] 49 ± 17 65 ± 12
Height [m] 171 ± 9 163 ± 9
Weight [kg] 72 ± 13 77 ± 13
Body surface area [m
2] 1.83 ± 0.18 1.83 ± 0.18
Body mass index [kg/m
2]2 4 ± 4 2 9 ± 5
Heart Rate [bpm] 66 ± 10 70 ± 14
Systolic blood pressure [mmHg] 124 ± 12 141 ± 26
Diastolic blood pressure [mmHg] 73 ± 7 77 ± 15
Referral (n)
Ischemic heart disease - 47
Coronary risk factors - 35
Hypertensive heart disease - 13
Valvular heart disease - 12
Dilated cardiomyopathy - 4
Restrictive cardiomyopathy - 2
Congenital heart disease - 2
Myocarditis - 2
Hypertrophic cardiomyopathy - 1
Arrhythmogenic right ventricular
cardiomyopathy
-1
Pericardial disease - 1
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sured in the end-systolic phases of the corresponding
cine sequences in order to obtain maximum diameters
and areas. LA areas were planimetered in the 4 chamber
view, 2 chamber view and in the 3 chamber view or
LVOT view. Longitudinal and transverse diameters were
measured in the 4 and 2 chamber views. LA anteropos-
terior diameter was also measured in the 3 chamber view
(figure 2).
Statistical analysis
All atrial parameters were found to satisfy a normal dis-
tribution using the Kolmogorov-Smirnov test and sum-
mary data for these variables are therefore presented as
mean ± SD. The interobserver variability was measured
in a subset of 20 subjects for all variables. Simple linear
regression was used to model the data and to construct
reference ranges as mean and 95% confidence intervals.
Two-way ANOVA was used to analyze variations in
parameters due to age and gender. P values < 0.05 were
considered significant. In the patient group correlations
of 1D and 2D parameters with LA volume were assessed
with the Pearson’s coefficient. Logistic regression analy-
sis was used to define the best predictors of LA enlarge-
ment among 1D and 2D parameters. Linear regression
analysis was used to predict LA volume.
Results
Baseline characteristics and summary results
Table 1 summarizes the baseline characteristics of the
healthy subjects included for defining normal reference
values. Normal reference values with differentiation into
males, females and all subjects, without age breakdown,
and sub-division into absolute and body surface area nor-
malized values are shown for the left atrium (table 2),
which have application in studies of unsorted individuals.
Figure 1 CMR analysis of atrial volumes. Atrial endocardial borders were delineated in all planes in all cardiac phases. The systolic descent
and twist of the mitral valve was calculated from tracking of the valve motion on the long axis cines.
Figure 2 Measurement of LA parameters in the end-systolic phase of the cardiac cycle. Areas were measured in the 2, 4 and 3 chamber
views (A2C, A4C, A3C). Longitudinal and transverse diameters were measured in the 2 and 4 chamber views (L2C, T2C, L4C, T4C) and the
anteroposterior diameter in the 3 chamber view (APD)
Maceira et al. Journal of Cardiovascular Magnetic Resonance 2010, 12:65
http://www.jcmr-online.com/content/12/1/65
Page 3 of 10Parameters that showed differences with age are also
depicted, with age breakdown, in table 3. The interobser-
ver variability was 2.9% and 3.2% for longitudinal dia-
meters in the 2 and 4 chamber views, 3.4% and 3.8% for
transverse diameters in the 2 and 4 chamber views, 3.5%
for the anteroposterior diameter, 4.4%, 4.7% and 3.9% for
areas in the 2, 4 and 3 chamber views and 5.7% for LA
volume.
Influence of body surface area on atrial parameters
BSA was significantly higher in males than in females
(p < 0.001). On multivariate analysis, BSA was found to
have significant independent influence on all LA para-
meters except for the longitudinal and transverse dia-
meters in the 4-chamber view.
Influence of age on atrial parameters
N os i g n i f i c a n ti n c r e a s ei nL Av o l u m ew i t ha g ew a s
observed. On univariable analysis there was a significant
decrease in absolute and normalized transverse dia-
meters (measured in the 2-chamber view) (p = 0.038,
p = 0.008, respectively), and in absolute and normalized
anteroposterior diameters (both p < 0.001) with increas-
ing age. On multivariable analysis, age was an indepen-
dent predictor of absolute and normalized transverse
diameters (measured in the 2-chamber view) (p = 0.022
and p = 0.004, respectively) and of absolute and normal-
ized anteroposterior diameters and areas (measured in
the 3-chamber view) (diameters p = 0.001 and p =
0.001, areas p = 0.005 and p = 0.006). Age was not an
independent predictor of LA volume. Variables with
Table 2 Healthy subjects-Left atrial summary data for all ages (mean, 95% confidence interval)
All Males Females
Volume [mL] SD 14.9 * 73
(44, 102)
77
(48, 107)
68
(42, 95)
Volume/BSA [mL/m
2] SD 6.7 40
(27, 53)
39
(26, 53)
40
(27, 52)
Area - 4ch [cm
2] SD 3.7 * 21
(14, 28)
22
(14, 30)
20
(14, 27)
Area/BSA - 4ch [cm
2/m
2] SD 1.8 * 12
(8, 15)
11
(7, 15)
12
(8, 15)
Longitudinal diameter - 4ch[cm] SD 0.7 * 5.7
(4.3, 7.0)
5.9
(4.5, 7.2)
5.5
(4.1, 6.9)
Longitudinal diameter/BSA - 4ch[cm/m
2] SD 0.4 * 3.1
(2.3, 3.9)
3.0
(2.3, 3.7)
3.2
(2.4, 4.1)
Transverse diameter - 4ch [cm] SD 0.5 4.1
(3.0, 5.1)
4.1
(3.0, 5.2)
4.1
(3.0, 5.1)
Transverse diameter/BSA - 4ch [cm/m
2] SD 0.3 * 2.2
(1.6, 2.8)
2.1
(1.5, 2.8)
2.4
(1.8, 3.0)
Area - 2ch [cm
2] SD 4.7 * 20
(11, 29)
21
(12, 31)
19
(10, 28)
Area/BSA - 2ch [cm
2/m
2] SD 2.4 11
(6, 16)
11
(6, 15)
11
(6, 16)
Longitudinal diameter - 2ch[cm] SD 0.7 * 4.9
(3.4, 6.3)
5.0
(3.6, 6.4)
4.6
(3.1, 6.0)
Longitudinal diameter/BSA - 2ch[cm/m
2] SD 0.4 2.6
(1.9, 3.2)
2.5
(1.8, 3.2)
2.7
(1.2, 4.1)
Transverse diameter - 2ch [cm] SD 0.5 † 4.6
(3.6, 5.6)
4.6
(3.7, 5.5)
4.4
(3.4, 5.5)
Transverse diameter/BSA - 2ch [cm/m
2] SD 0.2 * † 2.5
(2.0, 2.9)
2.3
(1.9, 2.8)
2.6
(1.5, 3.6)
Area - 3ch [cm
2] SD 3.6 * † 18
(11, 25)
19
(13, 26)
17
(11, 24)
Area/BSA - 3ch [cm
2/m
2] SD 1.8 † 10
(6, 13)
10
(6, 13)
10
(7, 13)
AP diameter - 3ch [cm] SD 0.5 † 3.2
(2.2, 4.2)
3.3
(2.3, 4.2)
3.1
(2.1, 4.1)
AP diameter/BSA - 3ch [cm/m
2] SD 0.3 * † 1.7
(1.2, 2.3)
1.7
(0.7, 2.6)
1.8
(1.3, 2.3)
* Significant differences (p < 0.05) between males and females on multivariable analysis.
† Significant differences (p < 0.05) among age groups on multivariable analysis.
BSA - body surface area; 4ch - 4-chamber view; 2ch - 2-chamber view; 3ch - 3-chamber view or LVOT view; AP - anteroposterior.
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able analysis are depicted with age breakdown in table 3.
Influence of gender on atrial parameters
All absolute LA volume, diameters and areas were sig-
nificantly larger in males (all p < 0.05) except transverse
diameters (2-chamber and 4-chamber views) and antero-
posterior diameter, which did not show significant dif-
ferences. When parameters were normalized to BSA,
only longitudinal (4-chamber view), transverse (2 and 4-
chamber views) and anteroposterior diameters showed
differences, being all of them higher in females (all p <
0.01). On multivariable analysis, gender had significant
independent influence on absolute longitudinal dia-
meters (2-chamber and 4-chamber), areas (2-chamber,
3-chamber, 4-chamber views) and volume, and on nor-
malized longitudinal (4-chamber), transverse (2-chamber
and 4-chamber) and anteroposterior diameters and area
(4-chamber view) (all p < 0.01).
Predictors of atrial enlargement
Table 1 also depicts the baseline characteristics of the
patient group. As expected, in the patient group atrial
volumes showed a significant dispersion. Thus, LA
volume index (LAVi) ranged from 20 to 218 mL/m
2
(mean ± SD = 63 ± 39 mL/m
2). According to our own
normal reference values reported in table 2, 70
patients (38 males, 32 females) had LA enlargement
(LAVi >53 mL/m
2). We aimed to determine the best
independent predictors of LA enlargement, for which
multivariable logistic regression analysis with forward
selection was performed for normalized 1D and 2D
parameters. In order to simplify the results, these
parameters were included as categorical dichotomous
variables (above or below the upper limit of normal
for all subjects for each parameter). This analysis
showed that the best predictors of LA enlargement
were normalized area and normalized transverse dia-
meter in the 4-chamber view (normalized area: RR =
2.22, p = 0.001, 95%CI = 1.60, 3.09; normalized trans-
verse diameter: RR = 1.23, p = 0.023, 95%CI = 1.03,
1.47) (table 4).
Estimation of LA volume from 2D based dimensions in
the patient group
All 1D and 2D parameters correlated significantly with
LA volume. The best correlations were found for areas
measured in the 2-chamber (r = 0.90, p < 0.001) and
3-chamber views (r = 0.90, p < 0.001) (Table 5). Finally,
linear regression analysis was used to estimate LA
volume (Table 6). All absolute 1D and 2D measure-
ments were included in multiple linear regression analy-
sis and the equation obtained for LA volume (r
2 =0 . 8 8 )
was:
LAV A3 A4 TD2 TD4 APD =+ + + + − 33 1 19 11 11 09 17 . [ . * ][ . * ][ . * ][ . * ][ . * ]
Table 3 Healthy subjects-Left atrial parameters significantly influenced by age on multivariable analysis (mean, 95%
confidence interval)
20-29 years 30-39 years 40-49 years 50-59 years 60-69 years 70-79 years
All
Transverse diameter - 2ch [cm] SD 0.5 4.8
(3.9, 5.8)
4.7
(3.8, 5.7)
4.7
(3.7, 5.6)
4.6
(3.6, 5.5)
4.5
(3.5, 5.4)
4.4
(3.4, 5.4)
AP diameter-3ch [cm] SD 0.6 4.9
(3.8, 6.0)
4.8
(3.7, 5.9)
4.6
(3.5, 5.7)
4.5
(3.4, 5.6)
4.3
(3.2, 5.5)
4.2
(3.1, 5.3)
Area/BSA-3ch [cm] SD 1.8 9
(5, 12)
9
(6, 13)
10
(6, 13)
10
(7, 14)
10
(7, 14)
11
(7, 14)
Males
Transverse diameter/BSA-2ch [cm] SD 0.2 2.5
(2.0, 2.9)
2.4
(1.9, 2.9)
2.4
(1.9, 2.8)
2.3
(1.8, 2.8)
2.2
(1.8, 2.7)
2.2
(1.7, 2.7)
AP diameter/BSA-3ch [cm] SD 0.3 2.7
(2.0, 3.4)
2.6
(1.9, 3.2)
2.5
(1.8, 3.1)
2.3
(1.7, 3.0)
2.2
(1.5, 2.9)
2.1
(1.4, 2.8)
Area-3ch [cm] SD 3.8 17
(11, 24)
18
(11, 25)
19
(12, 25)
20
(13, 26)
21
(14, 27)
21
(15, 28)
Females
Transverse diameter/BSA-2ch [cm] SD 0.3 2.8
(2.2, 3.3)
2.7
(1.6, 3.7)
2.6
(1.6, 3.7)
2.6
(1.5, 3.6)
2.5
(1.4, 3.6)
2.4
(1.4, 3.5)
AP diameter/BSA-3ch [cm] SD 0.3 2.8
(2.3, 3.4)
2.8
(2.2, 3.3)
2.7
(2.1, 3.3)
2.6
(2.0, 3.2)
2.5
(1.9, 3.1)
2.4
(1.9, 3.0)
Area-3ch [cm] SD 3.4 16
(9, 22)
16
(10, 23)
17
(10, 24)
18
(11, 24)
18
(12, 25)
19
(12, 26)
AP - anteroposterior; 4ch - 4-chamber view; 2ch - 2-chamber view; 3ch - 3 chamber view; BSA - body surface area; SD - standard deviation.
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three-chamber view, A4 is area in the four-chamber
view (both in cm2), TD2 is transverse diameter in the
two-chamber view, TD4 is transverse diameter in the
four-chamber view and APD is anteroposterior diameter
(all in cm).
This method was compared with the traditional echo-
cardiography derived area-length and prolate ellipse
equations [27]. Correlation coefficients with real LA
volume were r = 0.91 for the prolate ellipse method, r =
0.88 for the area-length method and r = 0.92 for our
method (figure 3). The three methods underestimated
real volume, with a mean difference of 50 ± 32 mL for
the prolate ellipse method, 22 ± 30 mL for the area-
length method and 17 ± 16 mL for our method.
Discussion
This current study provides normal reference ranges for
atrial dimensions using modern CMR acquisition techni-
ques and analysis for a healthy population which has
been very well characterized for the absence of hyper-
tension, significant coronary disease and heart failure.
CMR is now considered a gold standard clinical techni-
que to measure atrial and ventricular volumes and func-
tion, so these data have significant clinical utility. The
tables of results include all 1D and 2D parameters as
well as LA volume and are divided into males/females
or all subjects, and in age deciles, when appropriate, or
all ages, in order to have applicability for comparison
with any other future research data set. For all ages and
genders, a volume of 102 mL (53 mL/m2) was obtained
as the upper limit of normality. With regard to areas,
the upper limits of normality were 28 cm
2 (15 cm
2/m
2)
in the four chamber view, 29 cm
2 (16 cm
2/m
2)i nt h e
2-chamber view and 25 cm
2 (13 cm
2/m
2) in the 3-cham-
ber view. The upper limits of normality for diameters in
the 4-chamber and 2-chamber views were longitudinal
7.0 cm (3.9 cm/m
2)a n d6 . 3c m( 3 . 2c m / m
2), transverse
5.1 cm (2.8 cm/m
2) and 5.6 cm (2.9 cm/m
2) respectively,
and an anteroposterior diameter of 4.2 cm (2.3 cm/m
2)
in the 3-chamber view.
Other authors have published reference ranges for
atrial dimensions with CMR but we have not found any
other study in which all 1D, 2D and 3D parameters
were measured with CMR. Several studies in the past
Table 4 Predictors of left atrial enlargement according to normalized LAV
Univariable analysis: Measurements RR 95%CI P value Chi square
Longitudinal diameter-4ch (> 7 cm) 1.862 1.562, 2.220 < 0.001 NA
Transverse diameter-4ch (> 5.1 cm) 3.263 1.811, 5.880 < 0.001 15.5
Area-4ch (> 28 cm
2) 2.199 1.674, 2.889 < 0.001 32.1
Longitudinal diameter-2ch (> 6.3 cm) 2.074 1.543, 2.787 < 0.001 23.4
Transverse diameter-2ch (> 5.6 cm) 1.911 1.481, 2.466 < 0.001 24.8
Area-2ch (> 29 cm
2) 1.833 1.419, 2.368 < 0.001 21.6
AP diameter-3ch (> 4.2 cm) 1.741 1.298, 2.337 < 0.001 13.7
Area-3ch (> 25 cm
2) 2.205 1.648, 2.951 < 0.001 28.3
Longitudinal diameter/BSA-4ch (> 3.9 cm/m
2) 1.980 1.631, 2.404 < 0.001 NA
Transverse diameter/BSA-4ch (> 2.8 cm/m
2) 1.657 1.280, 2.145 < 0.001 14.7
Area/BSA-4ch (> 15 cm
2/m
2) 2.413 1.776, 3.279 < 0.001 31.7
Longitudinal diameter/BSA-2ch (> 3.2 cm/m
2) 2.168 1.643, 2.861 < 0.001 29.9
Transverse diameter/BSA-2ch (> 2.9 cm/m
2) 1.646 1.195, 2.268 0.002 9.3
Area/BSA-2ch (> 16 cm
2/m
2) 2.205 1.659, 2.932 < 0.001 19.6
AP diameter/BSA-3ch (> 2.3 cm/m
2) 2.013 1.461, 2.774 < 0.001 18.3
Area/BSA-3ch (> 13 cm
2/m
2) 2.255 1,675, 3.037 < 0.001 28.7
Multivariable analysis: Normalized measurements
Area/BSA-4ch (> 15 cm
2/m
2) 2.221 1.595, 3.094 < 0.001 46.2
Transverse diameter/BSA-4ch (> 2.8 cm/m
2) 1.228 1.028, 1.468 0,023
The upper limit of normal for each parameter is shown in brackets according to table 2.
AP - anteroposterior; 4ch - 4-chamber view; 2ch - 2-chamber view; 3ch - 3 chamber view; BSA - body surface area.
Table 5 Correlations of 1D and 2D parameters with left
atrial volume (Pearson’s coefficient)
Parameter Pearson’s coefficient P
Longitudinal diameter -4ch 0.769 0.000
Transverse diameter -4ch 0.748 0.000
Area -4ch 0.870 0.000
Longitudinal diameter -2ch 0.777 0.000
Transverse diameter -2ch 0.847 0.000
Area -2ch 0.904 0.000
AP diameter -3ch 0.685 0.000
Area -3ch 0.903 0.000
AP - anteroposterior; 4ch - 4-chamber view; 2ch - 2-chamber view; 3ch - 3
chamber view.
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are not comparable with the current steady state free
precession sequences that we used. Hudsmith et al [28],
using the biplane area-length method, established values
of volume similar to ours, 97 ± 27 mL for all subjects,
103 ± 30 mL for males and 89 ± 21 mL for females,
with differences probably due to the need for geometric
assumptions with that method. Sievers et al [29], pub-
lished reference diameters for the 2, 4 and 3-chamber
views slightly lower than ours, probably due to the fact
that they used prospective triggering, which yields lower
values, as reported by the same authors [30]. Anderson
et al [31] published that a LA area < 24 cm
2 and a
depth < 5.8 cm included the upper 95
th percentile of the
normal range. Therkelsen et al [32] obtained higher
values in a small group of 19 volunteers, with a mean
LA volume of 62 mL/m
2.
W eo b s e r v e dt h a tn e a r l ya l ln o n - i n d e x e d1 D ,2 Da n d
3D parameters were significantly higher in males, except
for transverse diameters in the 2 and 4 chamber views
and the anteroposterior diameter in the 3-chamber view,
while these differences disappeared in most normalized
Table 6 Predictors of absolute left atrial volume
Univariable analysis: Measurements Coeff 95%CI P value R squared
Longitudinal diameter -4ch [cm] 2.979 2,551,3.406 < 0.001 0.614
Transverse diameter -4ch [cm] 3.435 2.924,3.945 < 0.001 0.597
Area -4ch [cm
2] 3.643 3.230,4.056 < 0.001 0.719
Longitudinal diameter -2ch [cm] 3.080 2.599,3.561 < 0.001 0.604
Transverse diameter -2ch [cm] 3.200 2.774,3.626 < 0.001 0.678
Area -2ch [cm
2] 3.325 2.941,3.710 < 0.001 0.711
AP diameter -3ch [cm] 2.688 2.135,3.240 < 0.001 0.436
Area -3ch [cm
2] 3.925 3.499,4.352 < 0.001 0.753
Longitudinal diameter/BSA -4ch [cm/m
2] 3.992 3.159,4.824 < 0.001 0.428
Transverse diameter/BSA -4ch [cm/m
2] 4.574 3.597,5.551 < 0.001 0.417
Area/BSA -4ch [cm
2/m
2] 5.641 4.821,6.462 < 0.001 0.608
Longitudinal diameter/BSA -2ch [cm/m
2] 4.059 3.114,5.004 < 0.001 0.405
Transverse diameter/BSA -2ch [cm/m
2] 4.408 3.524,5.291 < 0.001 0.480
Area/BSA -2ch [cm
2/m
2] 5.413 4.667,6.159 < 0.001 0.633
AP diameter/BSA -3ch [cm/m
2] 3.754 2.770,4.739 < 0.001 0.320
Area/BSA -3ch [cm
2/m
2] 6.502 5.649,7.356 < 0.001 0.676
Multivariable analysis: Absolute measurements
Area -3ch [cm
2] 1.896 0.957, 2.836 < 0.001 0.902
Area -4ch [cm
2] 1.119 0.154, 2.085 0.024
AP diameter -3ch [cm] -1.653 -2.492, -0.814 < 0.001
Transverse diameter -2ch [cm] 1.080 0.463, 1.696 0.001
Transverse diameter -4ch [cm] 0.925 0.147, 1.703 0.02
Constant 3.314 3.052, 3.577
AP - anteroposterior; 4ch - 4-chamber view; 2ch - 2-chamber view; 3ch - 3 chamber view; BSA - body surface area.
Figure 3 Graphs showing agreement of the prolate ellipse and area-length methods as well as the new method.
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higher in females. Hudsmith et al [28] also reported
higher absolute LA volumes in males with similar ejec-
tion fraction between the two genders. Similarly, Sievers
et al observed higher diameters in the 2 and 4-chamber
views in males with no differences in the anteroposterior
diameter [29].
With respect to age, we found no differences in LA
volume with increasing age in this group of healthy,
normotensive individuals, and only six 1D and 2D para-
meters showed significant differences: absolute and nor-
malized transverse diameter in the 2-chamber view and
absolute and normalized anteroposterior diameter and
area the 3-chamber view. This finding is in accord with
previous reports [33,34] and could indicate that age
causes a certain degree of atrial remodeling without sig-
nificant atrial dilatation. The LA is exposed to left ven-
tricular diastolic pressure and, because of its thin walls,
tends to dilate when pressure increases. Our healthy
population was normotensive, with no signs of coronary
artery disease, cardiomyopathy - the main causes of sig-
nificant diastolic dysfunction - or valvular heart disease.
Thus, our aged healthy volunteers were very likely to
have just a mild degree of diastolic dysfunction, the so-
called stage 1, with no increased filling pressures and no
concomitant LA dilatation. Diastolic function para-
meters derived from ventricular time-volume curves in
this healthy population have been published elsewhere
[21]. Concordantly, Thomas et al [35] measured LA
volume by 3D echocardiography in 92 healthy subjects
and found that normal aging does not increase LA size.
Sievers et al [29] compared volunteers less than 50 years
with those over that age and observed no significant dif-
ferences. Germans et al [36], comparing 19 healthy sub-
jects between 20-40 years versus another 19 between
40-65 years, found that maximum LA volume tended to
be larger in the older group, but this difference did not
reach statistical significance. They obtained values for
LA volume slightly higher than ours, approximately 50
±7m L / m
2. Of note, they excluded subjects with hyper-
tension defined as systolic blood pressure ≥160 mmHg
and/or diastolic blood pressure ≥90 mmHg, which
means that subjects with mild hypertension could have
been included who had higher LA volumes.
Comparison with echocardiographic studies and other
imaging techniques
Since CMR does not require for geometric assumptions
to measure LA volume and allows inclusion of the LA
appendage into the volume measurement, LA volume
measured by retrogated CMR is said to be larger than
the reference values obtained with 1D and 2D echocar-
diography, mainly by the area-length, Simpson’sa n d
prolate ellipsoid methods. Ukino et al [37] reported
reference LA volumes that ranged from 39 ± 14 mL/m
2
by the area-length method to 32 ± 14 mL/m
2 by the
prolate-ellipsoid method, smaller than our values. Cur-
rently, 3D echo is the preferred echocardiographic tech-
nique for measuring LA volume because of its higher
accuracy. Keller et al [38] showed that 3D echo had the
highest correlation and lowest bias compared to CMR,
with a mild underestimation of volume of 5.3 mL.
Artang et al [39] have recently found a systematic
underestimation of LA volumes with 3D echo when
compared to CMR, of 15-20 mL, that could be due to
the higher spatial resolution of CMR which permits
more accurate border detection and better delineation
of volumes within the trabeculae. Also, the lower tem-
poral resolution of 3D echo may account for these
differences.
Cardiac computed tomography (CCT) has also been
used to measure LA volume, with published reference
values higher than the ones reported in our study. Lin
et al [40] measured LA volume with CCT in 103 healthy
normotensive volunteers and obtained a reference value
of 102 ± 48 mL. Likewise, Mahabadi et al [41] studied
96 patients in whom mean LA volume was 90 ± 25 mL.
The reason for this disparity of results might be the
characteristics of the patients recruited, as the ones in
the study from Mahabadi were a subset of the Rule Out
Myocardial Infarction using Computer Assisted Tomo-
graphy trial.
Predictors of LA enlargement and estimators of LA
volume
Though measurement of LA volume is desirable, it may
be too time-consuming for daily clinical practice. There-
fore, 1D and 2D parameters might be a valuable tool to
assess LA size. The best independent indicators of LA
enlargement in our study were an area > 15 cm
2/m
2
and a transverse diameter > 2.8 cm/m
2 in the 4-
chamber view. In the study by Anderson et al [31], an
absolute LA area < 24 cm
2 and depth < 5.8 cm were the
parameters that best distinguished normal from abnor-
mal atria. With respect to LA volume estimators, we
found that the best method included measurement of
area in the 3 and 4-chamber views, transverse diameter
in the 2 and 4-chamber views and the anteroposterior
diameter. We correlated real volume with estimated
volumes derived from this method and from the tradi-
tionally used biplane area-length and prolate ellipsoid
methods. All of them correlated well but caused a sig-
nificant underestimation of LA volume, with the worse
accuracy found for the prolate ellipsoid method (mean
difference of 50 ± 32 mL). Some studies have also com-
pared methods of volume estimation with real volumes,
with different results. Sievers et al [42] compared, in a
group of 15 healthy subjects, the biplane area-length
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length method caused a significant overestimation. An
echocardiographic study by Badano et al [43] that
sought to assess how many patients would be misclassi-
fied using M-mode or 2D estimates of LA size instead
of real LA volume, showed that both 1D and 2D para-
meters were poor predictors of LA volume, especially in
enlarged atria. Like the single plane area-length method,
the prolate-ellipsoid method assumes an ellipsoid geo-
metry for the LA but systematically calculates smaller
volumes than the biplane methods, which stems from
any error with the section of the 3 pairs of coordinates
creating a large difference in the volume measurement.
The biplane methods require planimetry from 2 ortho-
gonal planes and any single error in tracing the endocar-
dium is more forgiving because it is only 1 point among
multiple points used for such tracing. Even the well-
validated biplane methods have been shown to systema-
tically underestimate LA volume when compared with
MRI or CCT [44].
Conclusions
Atrial dimensions vary mainly by body surface area, with
lesser effects of gender and age. Identification particu-
larly of early abnormality requires reference ranges
which normalize for all 3 variables. These ranges are
supplied with this report in both tabular and graphical
form and are of significant clinical and research utility
for the interpretation of CMR studies. Also, best predic-
tors of LA enlargement are provided.
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